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Magnetic susceptibilityCubic TmPd3S4 is in the series of rare-earth (R) palladium bronzes, RPd3S4, which is an attractive platform
for multipolar interaction systems. We previously reported that, in RPd3S4, only TmPd3S4 shows a Jahn–
Teller-like phase transition at approximately 200 K, accompanying a structure modulation. Our present
electron diffraction study, however, has revealed that the expected modulation does not occur. We reex-
amined the crystal growth conditions and found crystal polymorphism with the cubic and monoclinic
structures. The phase transition at approximately 200 K can be interpreted as a phase separation into
the cubic and monoclinic phases. Single-phase monoclinic TmPd3S4 was successfully obtained at room
temperature. The monoclinic TmPd3S4 is metallic and shows no magnetic phase transition down to 0.6 K.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
The multipolar effect associated with the orbital degeneracy of
4f (5f) electrons in lanthanide (actinide)-based systems is one of
the attractive research areas of strongly correlated electron sys-
tems [1]. Cubic rare-earth (R) palladium bronzes RPd3S4 are novel
systems exhibiting systematic multipolar effects depending on the
rare-earth element [2]. DyPd3S4 is an antiferroquadrupolar ordered
compound [3]. The simultaneous occurrence of ferromagnetic and
antiferroquadrupolar orderings has been reported for CePd3S4 [4].
PrPd3S4 also shows a multipolar effect [5,6].
We previously reported the magnetic properties of cubic
TmPd3S4, which shows a Jahn–Teller-like phase transition at
approximately 200 K [7]. The Jahn–Teller effect is one of the orbital
degeneracy effects. Compared with the quadrupolar ordering tem-
peratures of other RPd3S4 compounds, the transition temperature
of cubic TmPd3S4 is very high. Therefore, it is important to investi-
gate the origin of such a high-temperature orbital degeneracy ef-
fect to improve our understanding of the multipolar effect in
RPd3S4. In an X-ray powder diffraction pattern below the transition
temperature, satellite-like peaks appear near the peaks of the cubic
phase. We explained the low-temperature pattern by the modula-
tion of the cubic structure [7]. In this study, we have carried out anelectron transmission observation to study the low-temperature
structure in more detail.
The sample quality of RPd3S4 is markedly affected by the syn-
thesis method used [3,8,9]. Considering this fact, the sample qual-
ity of TmPd3S4 was carefully checked. In our work, we found that
the crystal structure depends on the particle diameter of the start-
ing material of Pd powder. We also found that TmPd3S4 can form a
monoclinic structure in addition to the cubic structure. On the ba-
sis of this new ﬁnding, we reanalyzed the low-temperature X-ray
powder diffraction pattern of the cubic phase. Finally, the magnetic
and thermal properties of monoclinic TmPd3S4 are reported.2. Experimental method
Stoichiometric amounts of Tm, Pd and S were directly reacted in
an evacuated quartz tube at 900 C. We used three types of Pd
powder: Pd powders with particle diameters of approximately
100 lm and 75 lm, and sponge Pd powder. The reacted material
was crushed and pressed into a pellet. The pellet was again heated
to 900 C in an evacuated quartz tube. Sample quality was exam-
ined by X-ray powder diffractometry.
Two JEOL electron microscopes were used to observe electron
diffraction patterns. One was equipped with a liquid N2 cooling
stage and the other did not have a cooling stage. In both micro-
scopes, the acceleration voltage was 200 kV.
The dc magnetic susceptibility v(T) for 1.8–300 K was measured
with a SQUID magnetometer under a magnetic ﬁeld of about 3 kOe.
The electrical resistivity q(T) for 0.5–300 K was measured by a con-
ventional four-probe method. The speciﬁc heat Cp(T) for 0.6–20 K
was measured by a semi-adiabatic heat-pulse method.
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Selected areas of the electron diffraction patterns of cubic
TmPd3S4 along the [110] axis at room and liquid N2 tempera-
tures are shown in Fig. 1. TmPd3S4 crystallizes into a cubic NaPt3
O4-type structure with the space group Pm3n (No. 223) [10]. The
lattice parameter was determined to be a = 6.630 Å. The diffraction
pattern in Fig. 1(a) can be indexed using the cubic phase. The
extinction rule of Pm3n is satisﬁed in all observed patterns. Even
below the phase transition temperature, the diffraction pattern re-
mains unchanged, as shown in Fig. 1(b), in contrast to our expected
appearance of superlattice reﬂections. Fig. 1 indicates that our pro-
posed structure modulation does not occur.
Fig. 2(a)–(d) shows the representative X-ray powder diffraction
patterns of TmPd3S4. The measurement temperatures are also
shown in the ﬁgure. When we used Pd powder with the particle
diameter of 100 lm, an almost single cubic phase was successfully
obtained, as indexed in Fig. 2(a). Weak reﬂections of the impurity
phase PdS were observed. With decreasing temperature of cubic
TmPd3S4 below 200 K, new peaks appeared in addition to the peaks
of cubic phase, as shown in Fig. 2(b). In our previous report [7], the
new peaks were considered to be a signature of the cubic structure
modulation. If slightly ﬁne Pd powder (particle diameter of 75 lm)
is used as a starting material, the pattern (see Fig. 2(c)) resembles
that of cubic TmPd3S4 at low temperatures. The pattern in Fig. 2(d)
for the sample synthesized from sponge Pd powder does not con-
tain diffraction peaks, such as the (211) and (321) peaks of the cu-
bic phase. Furthermore, the superposition of Fig. 2(d) and (a)
explains the low-temperature pattern in Fig. 2(b), suggesting that
the previously reported modulated structure might be the two-
phase mixture. The particle diameter of Pd powder signiﬁcantly af-
fects the synthesized crystal structure, which may be ascribed to a
thermodynamical reason.
The powder pattern in Fig. 2(d) was indexed using the DICVOL
program [11]. Three crystal structure candidates were obtained: an
orthorhombic structure with the set of lattice parameters (in Å) of
(a, b, c) = (9.936, 8.761, 6.615), a monoclinic (A) structure with (a, b,
c) = (8.787, 9.933, 6.631) and b = 90.3, and a monoclinic (B) struc-
ture with (a, b, c) = (6.634, 6.638, 6.623) and b = 97.2. An electron
microscopy observation at room temperature was performed to re-
ﬁne the crystal structure. Examples of selected-area diffraction
patterns are shown in Fig. 3(a) and (b). The patterns in Fig. 3(a)
and (b) could not be indexed using the orthorhombic and mono-
clinic (A) structures, respectively. However, all the observed dif-
fraction spots can be assigned using the monoclinic structure (B)
(for example, see Fig. 3(a) and (b)). The indexing of the X-ray dif-
fraction pattern using the monoclinic structure (B) is given in
Fig. 2(d). We also conﬁrmed that the pattern in Fig. 2(b) can be in-
dexed using a mixture of cubic and monoclinic phases.
For monoclinic TmPd3S4, the crystal structure reﬁnement using
X-ray powder diffraction pattern is now undertaken. The La Bail
method [12] using the computer program RIETAN-FP [13] isFig. 1. [110] electron diffraction patterns of cubic TmPd3S4 at (a) room and (b)
liquid N2 temperatures.
Fig. 2. X-ray diffraction patterns of TmPd3S4 for (a) cubic phase at room
temperature (RT), (b) cubic phase at 13 K, (c) mixture of cubic and monoclinic
phases at RT, (d) monoclinic phase at RT, and (e) simulation by the best solution of
crystal structure reﬁnement at the present stage.employed. The best solution at the present stage is as follows:
the space group is P 2/m (No. 10), and atomic positions including
Wyckoff positions are Tm 1a (000), Tm 1h (1/21/21/2), Pd 2j
Fig. 3. (a) [110] and (b) [102] electron diffraction patterns of monoclinic TmPd3S4 at room temperature.
Fig. 4. Crystal structures of (a) cubic phase and (b) monoclinic phase for TmPd3S4.
Fig. 5. Temperature dependence of magnetic susceptibility of monoclinic TmPd3S4.
The inset shows the temperature dependence of electrical resistivity.
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(0.72200.74650.2808) and S 4o (0.27040.24730.2219). The occu-
pation factor of all sites is unity. The simulated X-ray diffraction
pattern using above mentioned structure parameters is given in
Fig. 2(e), and is rather good agreement with the experimental pat-
tern in Fig. 2(d). The crystal structures of cubic and monoclinic
phases are presented in Fig. 4(a) and (b). In the cubic phase, the
R atoms form the body-centered cubic with eight S atoms at
(1/41/41/4) and a pair of Pd atoms on each face. As can be seen
from Fig. 4(b), the basic structure is maintained and a large atomic
displacement would not occur. The monoclinic phase is simply
viewed as monoclinic distortion of NaPt3O4-type structure.
The cubic and monoclinic phases should be thermodynamically
stable at high and low temperatures, respectively, as evidenced in
Fig. 2(a) and (b). The crystal symmetry and volume are decisive
factors affecting the dependence of crystal polymorphism on tem-
perature [14]. The high-temperature phase possesses a crystal
symmetry higher than that of the low-temperature phase, which
is also true in the present case. The crystal volume of the high-tem-
perature phase is generally larger than that of the low-temperature
phase. The crystal volumes of the cubic and monoclinic phases are
291.4 Å3 and 289.4 Å3, respectively. Therefore the qualitative rules
of crystal polymorphism are obeyed in TmPd3S4. The dependence
of crystal polymorphism on the particle diameter of the starting
material, i.e., the Pd powder, is observed even at room tempera-
ture. The particle diameter strongly affects the free energy of the
surface, which determines the thermodynamically stable crystal
structure. If the thermodynamic energy difference between the
two phases is negligibly small, which is evidenced by the growth
of the mixed phase synthesized using the Pd powder with the par-
ticle diameter of 75 lm, the crystal polymorphism dependence onthe particle diameter of the starting material can be elucidated.
Further study is required to understand the origin of the signiﬁcant
dependence of the crystal polymorphism on the Pd powder
diameter.
The monoclinic TmPd3S4 is metallic, as indicated by q(T)
(see the inset in Fig. 5). The residual-resistivity ratio (RRR) is 14.
The sample quality is rather good, since the RRR value is compara-
ble to that of cubic RPd3S4 (for example, 18 for R = Eu and 9 for
R = Yb [9]). The inverse of v(T) obeys the Curie-Weiss law above
Fig. 6. Temperature dependence of Cp/T of monoclinic TmPd3S4. The inset shows
the temperature dependence of magnetic entropy.
Fig. 7. Temperature dependence of Cmag of monoclinic TmPd3S4. The solid line is the
Schottky speciﬁc heat by the CEF energy level scheme with a singlet ground state
and three excited singlets at 38, 70 and 95 K.
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7.61 lB and 9.3 K, respectively. leff is nearly the same as that of
the free trivalent Tm ion (7.57 lB). As shown in Fig. 5, the temper-
ature independent Van Vleck-type paramagnetism is observed be-
low 10 K, indicating the singlet crystalline-electric-ﬁeld (CEF)
ground state of the Tm3+ ion.
Fig. 6 shows Cp/T(T), demonstrating that no magnetic phase
transition occurs down to 0.6 K, which is consistent with the sin-
glet ground state. At low temperatures, Cp/T(T) reaches a constantvalue of 25 mJ/mol  K2, which is dominated by the electronic spe-
ciﬁc heat coefﬁcient. The temperature dependence of magnetic en-
tropy Smag(T) was estimated by integrating Cmag (T)/T with respect
to the temperature. The magnetic speciﬁc heat Cmag(T) was
obtained by subtracting Cp(T) for LaPd3S4 from that for the Tm
counterpart, assuming that cubic LaPd3S4 is the nonmagnetic refer-
ence compound of the monoclinic phase. As shown in the inset in
Fig. 6, Smag(T) is far below Rln2 even at 10 K, where v(T) shows the
Van Vleck-type paramagnetism.
Fig. 7 shows Cmag(T) of monoclinic TmPd3S4. The Cmag(T) is dom-
inated by a Schottky speciﬁc heat. Under the monoclinic CEF, the
13-fold degeneracy of the J = 6 multiplet of Tm3+ ions splits into
13 singlets [15]. The Schottky speciﬁc heat by the CEF energy level
scheme with a singlet ground state and three excited singlets at 38,
70 and 95 K well reproduces Cmag(T) (see the solid line in Fig. 7).
4. Summary
In summary, we have found a monoclinic phase of TmPd3S4, in
addition to the already known cubic phase, by employing the X-ray
powder and electron diffraction patterns. The crystal polymor-
phism signiﬁcantly depends on the particle diameter of the Pd
powder used as the starting material. The Jahn–Teller-like phase
transition previously observed in the cubic phase is explained by
the phase separation into the cubic and monoclinic phases. The
monoclinic TmPd3S4 is a nonmagnetic metallic compound.
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